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Abstract 
 
Chlorogenic acids (CGAs) are secondary metabolites in diverse plants. Some CGAs extracted 
from traditional medicinal plants are known for their healing properties, e.g. against viral 
infections. Also green coffee beans are a rich source of CGAs, with 5-O-caffeoylquinic acid 
being the most abundant CGA in coffee. We previously reported the synthesis of regioisomers 
of lactones, bearing different substituents on the quinidic core. Here, 3,4-O-dicaffeoyl-1,5-γ-
quinide and three dimethoxycinnamoyl-γ-quinides were investigated for in vitro antiviral 
activities against a panel of 14 human viruses. Whereas the dimethoxycinnamoyl-γ-quinides 
did not show any antiviral potency in cytopathogenic effect (CPE) reduction assays, 3,4-O-
dicaffeoyl-1,5-γ-quinide exerted mild antiviral activity against herpes simplex viruses, 
adenovirus and influenza virus. Interestingly, when the compounds were evaluated against 
respiratory syncytial virus (RSV), a potent antiviral effect of 3,4-O-dicaffeoyl-1,5-γ-quinide 
was observed against both subtypes of RSV, with EC50 values in the submicromolar range. 
Time-of-addition experiments revealed that this compound acts on an intracellular post-entry 
replication step. Our data show that 3,4-O-dicaffeoyl-1,5-γ-quinide is a relevant candidate for 
lead optimization and further mechanistic studies, and warrants clinical development as a 
potential anti-RSV drug. 
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Introduction 
 
Chlorogenic acids (CGAs) are secondary metabolites in leaves, roots and fruits of many 
plants [1]. Especially green coffee beans have a high content of CGAs, ranging from 4 to 8% 
(of dry mass) for Coffea arabica (L., Rubiaceae) and from 7 to 14% for Coffea canephora 
(Pierre ex A.Froehner, Rubiaceae) [2]. The chlorogenic acids in coffee are usually esters of D-
(–)-quinic acid (Fig. 1, compound 1) with certain cinnamic acids, such as caffeic acid and 
ferulic acid (Fig. 1, compounds 2 and 3, respectively). A large family of CGAs can be 
generated as mono- or multi-esters and more than 60 different CGAs and their derivatives 
have been identified in coffee, although with limited characterization for each of them [3,4]. 
5-O-caffeoylquinic acid (5-CQA, Fig. 1, compound 5) is the most abundant CGA in coffee, 
hence its common name chlorogenic acid [1].  
During the roasting process of green coffee beans, chlorogenic acids undergo 
transesterification, epimerization and lactonization reactions that give rise to the formation of 
various derivatives including chlorogenic acid lactones (CGLs), also known as quinides, that 
contribute to the bitterness and the final taste of the coffee beverage [1,5]. A key point for the 
coffee industry is to identify and evaluate the content of chlorogenic acids and quinides in 
coffee, in order to characterize its composition and optimize the roasting process to obtain the 
best taste profile. 
Many studies demonstrated that polyphenols are capable of crossing the gastrointestinal 
barrier of humans to circulate in plasma as intact molecules or hydrolysis metabolites, such as 
caffeic acid [6-8]. Furthermore, several reports suggested a positive impact of CGAs and their 
derivatives on human health, via dietary uptake: they are anti-oxidant, anti-inflammatory, and 
anti-spasmodic [9,10]; they may reduce the risk for cardiovascular diseases, cancer, type 2 
diabetes, and Alzheimer’s disease [11-14], and they exert antiviral activity, such as against 
respiratory syncytial virus (RSV) [15-17], human immunodeficiency virus (HIV) by 
inhibiting the viral enzyme integrase [18,19], and hepatitis B virus [20].  
Starting from D-(–)-quinic acid, we designed a simple synthesis for regioisomers of lactones, 
bearing different substituents on the quinidic core. We previously reported the synthesis of 
3,4-O-dicaffeoyl-1,5-γ-quinide (Fig. 1, compound 6) [21], and three dimethoxycinnamoyl-γ-
quinides (Fig. 1, compounds 7, 8 and 9) through coupling of 3,4-dimethoxycinnamic acid 
(Fig. 1, compound 4) [22]. In our current study, we evaluated the in vitro antiviral properties 
of these quinides for a panel of human viruses, such as herpes simplex virus, adenovirus, 
influenza virus and RSV. In this paper we demonstrate that 3,4-O-dicaffeoyl-1,5--quinide 
exerts potent antiviral activity against RSV in the submicromolar range, and acts as an 
intracellular post-entry inhibitor of viral replication. 
  
Results and discussion 
 
In order to determine the biological activity of our chlorogenic quinides, compounds 6, 7, 8 
and 9 were evaluated against a wide range of human RNA and DNA viruses in different cell 
types. Since cinnamic and chlorogenic acids are largely present in coffee and can additionally 
be generated as metabolites of chlorogenic compounds after coffee consumption, caffeic acid, 
ferulic acid, 3,4-dimethoxycinnamic acid, and 5-CQA (compounds 2, 3, 4 and 5, respectively) 
were also included in the antiviral screen. The HEL cell culture model was used to evaluate 
the compounds against herpes simplex virus type I (KOS), herpes simplex virus type 2 (G), 
vaccinia virus, vesicular stomatitis virus, thymidine kinase-deficient herpes simplex virus type 
1 (KOS) resistant to acyclovir (ACV
r
) and adenovirus type 2 (AV-2). Based on the 
microscopical analysis of the virus-induced cytopathogenic effect (CPE), the antiviral potency 
of the compounds was determined and compared to different reference antiviral drugs (i.e., 
brivudin, cidofovir, acyclovir, ganciclovir, zalcitabine and alovudine). As summarized in 
Table 1, compounds 2 and 6 showed very weak activity against the tested herpes simplex 
viruses. However, in a repeat experiment this antiviral effect was lost, presumably because of 
a slightly more efficient viral infection of the cells as evidenced by the lower potency of the 
reference compounds in this particular assay. No antiviral effect of the 8 compounds was 
observed against vaccinia virus. Likewise, the replication of vesicular stomatitis virus was not 
inhibited by the compounds both in HEL (Table 1) and in HeLa cell cultures (not shown). 
However, in the antiviral test against adenovirus type 2, a clear effect of compounds 5 and 6 
was noted. Whereas for the single caffeic acid (compound 2) a borderline activity against AV-
2 was detected, the mono- and di-ester (compounds 5 and 6, respectively) had improved 
activity. In fact, the latter exerted anti-AV-2 activity in the lower micromolar range (mean 
EC50 of 15 µM), which is comparable to the activity of the included reference compounds 
cidofovir, zalcitabine and alovudine [23]. 
In addition, Vero cells were utilized to evaluate the compounds against para-influenza type 3 
virus, reovirus type 1, Sindbis virus, Coxsackie virus B4 and Punto Toro virus, together with 
the reference compounds DS-10000 (dextran sulfate 10 kDa) and ribavirin. Unfortunately, the 
compounds did not produce antiviral effects on this panel of viruses (data not shown). 
We next investigated the inhibitory potency of the selected CQAs and quinides towards 
influenza virus replication. All compounds were assessed in an enzymatic assay with 
recombinant influenza PA endonuclease, as well as in the cell-based influenza vRNP (viral 
ribonucleoprotein) reconstitution assay and influenza virus yield assay (Table 2). The 
influenza RNA polymerase complex is gaining much interest as a target to halt influenza virus 
replication, since major progress has been made in recent years in unravelling the structure 
and functions of this protein complex [24]. Its endonuclease activity, which resides in the N-
terminal part of the PA-subunit (PA-Nter) [25,26], is essential to provide capped primers for 
viral mRNA synthesis [27]. In the enzymatic assay with influenza PA-Nter endonuclease, 
compounds 2, 5 and 6 showed promising inhibitory activity reaching IC50 values in the same 
range as the reference compound 2,4-dioxo-4-phenylbutanoic acid (DPBA) [28]. The PA 
inhibitory activity of the compounds depends on the presence of two hydroxyl groups. The 
strong activity of compound 2 (IC50 = 16 µM) disappeared when one (compound 3) or both 
(compound 4) hydroxyl functions on the phenyl substituent were replaced by a methoxy 
group. Consistent with the crucial role of the hydroxyl groups, the activity of 3,4-
dihydroxylphenyl bearing compounds 5 and 6 (IC50 = 18 and 34 µM, respectively) was 
completely lost in their 3,4-dimethoxyphenyl analogues 7 and 8. Also compound 9, which 
does not carry a dihydroxy function, was devoid of inhibitory activity. All influenza PA 
endonuclease inhibitors reported thus far inhibit the PA enzyme through chelation of its metal 
cofactor(s) within the catalytic core [24]. In this work, only compounds bearing a 3,4-
dihydroxyphenylgroup were able to inhibit the influenza PA endonucleolytic activity (i.e. 
compounds 2, 5 and 6), while activity was abolished in their analogues carrying only one or 
no hydroxyl groups. This observation underscores the relevance of the catechol 
pharmacophore to chelate the metal ions in the PA active site, as previously demonstrated by 
us and others [29-31].  
To determine the anti-influenza activity of the test compounds in cell culture, we first 
performed a luciferase reporter-based influenza vRNP reconstitution assay in HEK293T cells 
(Table 2). None of the compounds showed toxicity at concentrations up to 200 µM. For two 
compounds which were active in the enzymatic assay, i.e., 2 and 6, we also observed selective 
activity in the vRNP reconstitution assay, with selectivity indices (defined as the ratio 
between the CC50 and EC50, i.e. the 50% cytotoxic and 50% effective concentration) >6 and 
>10, respectively. This indicates that both compounds are able to inhibit influenza RNA 
synthesis, and suggests that they could be classified as PA inhibitors. Compound 8 on the 
other hand, was devoid of activity in the PA enzymatic assay, yet displayed weak activity 
(EC50 = 135 µM) in the vRNP reconstitution assay. This observation suggests that 8 might 
inhibit the influenza polymerase in an endonuclease-independent manner. For compounds 2 
and 6, the dose-response curves in either the PA-enzyme or vRNP reconstitution assay are 
shown in Fig. 2. 
In a second stage, the active compounds from the vRNP assay were subjected to a virus yield 
assay in MDCK cells. In this assay, only compound 6 was able to inhibit viral replication 
(EC90 = 77 µM; i.e. the compound concentration causing a 1-log10 reduction in viral RNA 
copy number), albeit a lot less potently than reference compound ribavirin, and compounds 2 
and 8 were devoid of activity. Thus, whereas three compounds demonstrated potent inhibition 
in the enzymatic assay, only one compound (i.e., compound 6) was proven to have activity in 
influenza virus-infected cell culture. This might indicate that the compounds do not enter the 
cells efficiently, a problem commonly faced with potential influenza PA endonuclease 
inhibitors [32]. 
 
Finally, we determined the antiviral activity of the different compounds against another 
airway pathogen, respiratory syncytial virus. Alike influenza, human RSV is a major 
etiological agent of serious and acute lower respiratory tract infections in vulnerable 
populations such as infants, elderly and immunocompromised persons. Despite the huge 
clinical impact of RSV, there are currently no approved vaccines or small molecule antiviral 
drugs against RSV, and the standard of care for the management of RSV disease is limited to 
supportive care [33-35]. Therefore, novel therapeutics are needed to reduce the severity of 
RSV infection and limit hospital admissions.  
The compounds were tested against RSV in the HeLa cell line. As summarized in Table 3, 
compound 5 exerted some weak activity against RSV in a CPE reduction assay (mean EC50 of 
24 µM). Interestingly, for compound 6 an anti-RSV efficacy in the submicromolar range was 
observed (mean EC50 of 0.19 µM), which surpassed the activity of the only approved anti-
RSV drug ribavirin (Table 3). Both active quinide compounds did not display cellular 
cytotoxicity at 100 µM (the highest concentration tested), resulting in selectivity indices of >4 
and >500, respectively. Since compound 6 was the most promising anti-RSV candidate from 
our antiviral screen, we focused our further RSV research on this quinide. 
To assess whether or not this antiviral effect of compound 6 may be cell type-dependent, a 
comparable CPE reduction assay was performed in the human larynx epidermoid carcinoma 
cell line HEp-2, for which a similar EC50 (i.e., 0.15 µM) was recorded as obtained in HeLa 
cells (data not shown).  
All the experiments described above were performed using the Long strain of the RSV 
subtype A, but RSV consists of two antigenic subtypes, A and B. To determine the activity 
spectrum of compound 6, a representative lab strain of the B subtype was used in a cell 
protection assay in HeLa cells. As shown in Figure 3A, the quinide compound proved equally 
potent against both subtypes of RSV. Although subtype A has been often associated with the 
more severe symptomatic manifestations, also subtype B circulates frequently with clear 
clinical manifestations [36]. Thus, having a compound that inhibits both subtypes would be 
beneficial to treat all circulating RSV strains. 
To carry out a preliminary study on the mode of action of compound 6, we used a 
recombinant green RSV (rgRSV) strain [37] that carries the gene encoding for green 
fluorescent protein (GFP). As this gene is stably inserted in the viral genome, infection of 
cells with rgRSV results in intracellular expression of GFP that can be detected by 
fluorescence microscopy and flow cytometry. As displayed in Fig. 3B, infection of HeLa cells 
with rgRSV was highly efficient: about 91% of the cells were infected and stained positive for 
GFP. Importantly, treatment of the cells with compound 6 resulted in a clear dose-dependent 
reduction of RSV infection as evidenced by the reduction in GFP expression (Fig. 3C), with 
an EC50 value of 0.17 µM that fits nicely with the observed activity in the CPE assays for 
RSV A and B (Fig. 3A). At a compound concentration of 4 µM, viral infection was markedly 
inhibited (Fig. 3B): less than 20% stained GFP-positive, and the mean fluorescence intensity 
(MFI) was reduced by 85% as compared to the virus-infected control.  
We next used rgRSV in a time-of-addition experiment to assess whether the antiviral effect of 
compound 6 was different when added at various time points post infection. The reference 
compounds DS (an attachment/entry inhibitor) and ribavirin (a transcription/replication 
inhibitor) were included as controls. As expected, viral infection was completely prevented 
when the compounds were administered to the cells prior to adding the virus (Figure 3D). 
When the cells were first exposed to the virus and then treated with the compounds at 1.5h 
post virus inoculation, compound 6 markedly inhibited virus replication whereas the 
attachment inhibitor DS completely lost its antiviral effect. The administration of compound 6 
could even be delayed until 5h after virus infection without greatly reducing its antiviral 
effect. In addition, compound 6 did not exert any direct virucidal activity: pre-incubation of 
the virus stock with the compound could not prevent viral infection of the cells, excluding a 
direct effect of the compound on the integrity of the viral particles (data not shown). Taken 
together, the time-of-addition experiment revealed that the quinide compound acts on a post-
entry stage, inhibiting RSV through an intracellular antiviral mechanism of action. Whereas 
the current data have not pointed to a specific antiviral target yet, one can speculate that the 
viral replication machinery, and more particular the drugable viral RNA-dependent RNA 
polymerase might be a potential target [38]. Nevertheless, our data show that compound 6 is a 
relevant candidate for lead optimization and further anti-RSV and mechanistic studies. 
Our results are in agreement with previous studies that reported antiviral activity against RSV 
for dicaffeoylquinic acids [15-17]. These groups independently recorded anti-RSV activities 
for 4,5-O-dicaffeoylquinic acid and 3,5-O-dicaffeoylquinic acid, in the lower micromolar 
range (Figure 1, compounds 11 and 10, respectively). Here we show that a quinide backbone 
instead of the quinic acid structure even improved the anti-RSV potency (activity in the 
submicromolar range for compound 6). Interestingly, whereas the di-ester structures had 
profound and comparable anti-RSV activity, the mono-ester variant (corresponding to our 
compound 5) exerted significantly weaker antiviral effect [15]. This indicates that two caffeic 
acid side-arms are needed on a quinic acid or quinide central ring to obtain anti-RSV effect, 
but their relative positioning on the central core might be less stringent. Remarkably, luteoside 
(a phenylpropanoid glycoside from the medicinal plant Markhamia lutea) was reported to 
exhibit potent in vitro activity against RSV [39]. Although luteoside has a much more 
complicated chemical structure as compared to the dicaffeoylquinic acids and our quinides, it 
also carries one caffeoyl and one caffeoyl-like side arm on its sugar backbone. This suggests 
that there might still be ample possibilities for structure improvement and analogue design, in 
order to improve the antiviral potential of this category of plant-derived antivirals. Despite the 
challenging medicinal chemistry optimization, compound 6 is an interesting chemical tool 
compound for further elucidation of the mode of action and to better understand how RSV 
replicates in cells.  
In conclusion, our antiviral investigations indicated that dimethoxycinnamoyl-γ-quinides are 
devoid of antiviral potencies in CPE reduction assays, but pointed to 3,4-O-dicaffeoyl-1,5-γ-
quinide as a potent and interesting RSV inhibitor with relevance for further development. 
  
Materials and methods 
 
Chemicals 
Caffeic acid (≥ 98%), ferulic acid (99%), 3,4-dimethoxy cinnamic acid (predominantly trans, 
99%), chlorogenic acid hemihydrate (≥ 98%) and all reagents were purchased from Sigma-
Aldrich and used without further purification. The synthesis of quinides 6, 7, 8 and 9 has been 
described in detail [21,22]. The following reference antiviral drugs were used in the antiviral 
assays: brivudin (G.D. Searle), cidofovir (Gilead Sciences), acyclovir (GlaxoSmithKline), 
ganciclovir (Roche), zalcitabine (Carbosynth), alovudine (Carbosynth), DS 10000 (Pfeifer & 
Langen), 2,4-dioxo-4-phenylbutanoic acid (DPBA; Interchim) and ribavirin (ICN 
Pharmaceuticals). All these reference compounds were at least 97% pure. 
 
Antiviral activity evaluation by CPE reduction assays 
Compounds were dissolved in DMSO to obtain a stock concentration of 50 mM that was 
stored in the freezer at -20° C. The antiviral activity of the compounds was determined in 
different cell types by diluting the stock solution in medium to a final concentration of 100 
µM of compound (and 0.2% of DMSO). Further serial dilutions of the test compounds were 
also made in cell culture medium. (i) Human embryonic lung (HEL) cells were seeded in 96-
well plates and incubated for 6 days at 37 °C until confluency was reached. Medium was 
aspirated and replaced by serial dilutions of the test compounds (100 μL per well). One 
hundred microliters of the virus (herpes simplex virus type 1, herpes simplex virus type 2, 
thymidine kinase-deficient (TK
-
) herpes simplex virus type 1 resistant to acyclovir (ACV
r
), 
vaccinia virus, adenovirus-2 or vesicular stomatitis virus), diluted in medium to obtain a virus 
input of 100 CCID50 (50% cell culture infectious dose; 1 CCID50 being the virus dose that is 
able to infect 50% of the cell culture), was added to each well. Mock-treated cell cultures 
receiving solely the test compounds were included, to determine the cytotoxicity. After 4 to 
10 days of incubation at 37 °C, microscopical analysis was performed to score the virus-
induced CPE. (ii) African green monkey kidney (Vero) cells were seeded in 96-well plates at 
30,000 cells per well and incubated for 1 day at 37 °C until confluency was reached. Medium 
was aspirated and replaced by serial dilutions of the test compounds (100 μL per well). One 
hundred microliters of the virus (Coxsackie virus B4, Sindbis virus, parainfluenza virus type 
3, Punta Toro virus or reovirus type 1), diluted in medium to obtain a virus input of 100 
CCID50, was added to each well. Mock-treated cell cultures receiving solely the test 
compounds were included, to determine the cytotoxicity. After 3 days (for Coxsackie virus B4 
and Sindbis virus) or 6 days (for para-influenza-3 virus, Punta Toro virus and reovirus-1) of 
incubation at 37 °C, microscopical analysis was performed to score the virus-induced CPE.  
 
Influenza PA-Nter endonuclease assay 
The plasmid-based influenza PA-Nter endonuclease assay was performed according to a 
previously published method with minor modifications [31]. Two micrograms of recombinant 
PA-Nter enzyme (residues 1-217 from the PA protein of influenza virus strain A/X-31) was 
incubated with 1 µg M13mp18 single-stranded plasmid (Bayou Biolabs) as a substrate; in the 
presence of serial dilutions of the test compounds and at a final reaction volume of 25 µL. The 
assay buffer was composed of 50 mM Tris-HCl pH 8, 100 mM NaCl, 10 mM β-
mercaptoethanol and 1 mM MnCl2. After 2 h incubation at 37 °C, the reaction was stopped by 
heat inactivation (80 °C, 20 min) and the endonucleolytic digestion of the substrate was 
visualized by gel electrophoresis with ethidium bromide staining. The amount of remaining 
intact plasmid substrate was quantified by ImageQuant TL software (GE Healthcare). 
 
Influenza vRNP reconstitution assay 
The procedure to determine the inhibitory effect of the compounds on reconstituted influenza 
virus vRNPs is described in more detail elsewhere [40,41]. Briefly, four expression plasmids 
derived from influenza A/PR/8/34 (encoded pVP-PB1, pVP-PB2, pVP-PA and pVP-NP; 
generously donated by M. Kim [42], Korea Research Institute of Chemical Technology, 
Daejeon, South Korea) were combined with a firefly luciferase reporter plasmid (also a kind 
gift from M. Kim) and cotransfected into human embryonic kidney 293T (HEK293T) cells 
(purchased from Thermo Fisher Scientific) using Lipofectamine 2000 (Invitrogen, Life 
Technologies). After incubation at 37 °C for 24 h in the presence of the test compounds, the 
luciferase activity was determined using the ONE-Glo luciferase assay system (Promega). 
The 50% effective concentration (EC50) was defined as the compound concentration causing 
50% reduction in the vRNP-driven firefly luciferase signal, as compared to cells receiving 
medium instead of compound. In parallel, compound cytotoxic activity, expressed as 50% 
cytotoxic concentration (CC50), was determined in untransfected HEK293T cells which had 
been incubated with serial dilutions of the compounds for 24 h, using the MTS cell viability 
assay. The CC50 values were defined as the compound concentration reducing cell viability by 
50%, as compared to wells receiving medium instead of compound. 
 
Influenza virus yield assay 
The virus yield assay to determine anti-influenza virus activity in cell culture was previously 
published in full detail [43]. One day prior to infection, Madin-Darby canine kidney (MDCK) 
cells (a kind gift from M. Matrosovich, Marburg, Germany) were seeded into 96-well plates at 
25,000 cells per well. At day 0, serial dilutions of the test compound were added, immediately 
followed by infection with influenza A/PR/8/34 virus at 150 CCID50 per well. After 24 h 
incubation at 35 °C, the virus amounts in the supernatants was estimated by determining the 
viral genome copy number in a one-step quantitative real-time reverse transcription (qRT)-
PCR assay (CellsDirect One-Step qRT-PCR kit; Invitrogen), using influenza virus M1-
specific primers and probe.  
 
RSV antiviral assay 
The anti-RSV effect of the compounds was investigated using a CPE assay method as 
follows: human cervical cancer (HeLa) cells (1.25 x 10
4
 per well) were seeded in 96-well 
plates and incubated overnight at 37 °C in a humidified 5% CO2 atmosphere. The overnight 
medium (DMEM containing 10% FBS) was removed and replaced by serial dilutions of the 
test compounds in medium containing 2% FBS (100 µL per well). One hundred microliters of 
the virus RSV A (strain Long; ATCC VR-26) or RSV B (strain 18537; ATCC VR-1580), 
diluted in medium to obtain a virus input of 60 or 300 CCID50 respectively, was added to each 
well. Mock-treated cell cultures receiving solely the test compounds were included, to 
determine the cytotoxicity. After 4 to 6 days of incubation at 37 °C in a humidified 5% CO2 
atmosphere, when the cells in the virus control wells exhibited extensive CPE and destruction, 
microscopical analysis was performed to score the virus-induced cytopathogenicity in all 
samples. Antiviral activity of the compounds is expressed as EC50, which represents the 
concentration of the test compound required to reduce the viral CPE by 50%. 
For the experiments with rgRSV, a similar protocol was used but with 2 x 10
4
 cells per well 
and a virus input of 1 x 10
5
 plaque forming units (PFU)/mL. Cells were collected after 2 days, 
fixed in 1% formaldehyde and analyzed by flow cytometry for GFP, using a BD Accuri C6 
flow cytometer (BD Biosciences) and the accompanying BD FACSDiva software. 
 
RSV time of addition assay 
HeLa cells (4 x 10
4
 per well) were seeded in 96-well plates and incubated overnight at 37 °C 
in a humidified 5% CO2 atmosphere. The overnight medium (DMEM containing 10% FBS) 
was removed and replaced by fresh medium containing 2% FBS, and cells were incubated 
with or without test compound for 1.5 hours (time point -1.5 h; the compounds were added to 
the medium at all subsequent incubation steps in order to keep the compound continuously 
present). Next, medium was aspirated and cells were exposed to rgRSV (6 x 10
4
 PFU/mL) for 
2 hours at 37 °C. Then, unbound RSV was washed out from the cell monolayers, and cells 
were given fresh medium for another 1.5 hours. The compounds were administered either 1.5 
h or 5 h after virus wash out (time points +1.5 h and +5 h). Finally, cells were collected after 
48 h, fixed in 1% formaldehyde and analysed by flow cytometry for GFP, using a BD Accuri 
C6 flow cytometer and the accompanying BD FACSDiva software. 
 
Statistics 
The antiviral data are represented as single EC50 values, which is the 50% effective 
concentration required to reduce virus-induced cytopathogenicity by 50%. When activity was 
recorded against at least one virus in the first experiment, the compound was retested against 
the whole panel of viruses in a second experiment. The EC50 values were manually calculated 
by interpolation, assuming a semi-log dose-response effect. For the influenza PA-Nter 
endonuclease and vRNP reconstitution assay, the percentages of inhibition of activity from 2-
3 independent experiments were plotted against the compound concentrations on a semi-
logarithmic plot, using GraphPad Prism software (GraphPad Software) to obtain the IC50 or 
EC50 by nonlinear least-squares regression analysis. In the influenza virus yield assay, the 
EC99 and EC90 values were defined as the compound concentration causing respectively a 2-
log10 and 1-log10 reduction in viral RNA copy number, as compared to the virus control 
without compound. These values were calculated by interpolation from data of two 
independent experiments. 
 
Acknowledgements 
We thank Mark E. Peeples and Peter Collins for providing us with the rgRSV strain, and 
Talitha Boogaerts, Ria Van Berwaer and Wim van Dam for their dedicated technical 
assistance. The research was sponsored by the KU Leuven (GOA no. 10/014 and PF/10/018) 
and the FWO (no. G.485.08). 
 
Conflict of interest  
The authors declare no conflict of interest. 
 
References 
 
1 Clifford MN. Chlorogenic acids and other cinnamates - nature, occurrence, dietary burden, 
absorption and metabolism. J Sci Food Agric 2000; 80: 1033-1043. 
2 Farah A, Donangelo CM. Phenolic compounds in coffee. Braz J Plant Physiol 2006; 18: 23-36. 
3 Clifford MN, Knight S, Surucu B, Kuhnert N. Characterization by LC-MSn of four new classes of 
chlorogenic acids in green coffee beans: dimethoxycinnamoylquinic acids, diferuloylquinic 
acids, caffeoyl-dimethoxycinnamoylquinic acids, and feruloyl-dimethoxycinnamoylquinic 
acids. J Agric Food Chem 2006; 54: 1957-1969. 
4 Jaiswal R, Patras MA, Eravuchira PJ, Kuhnert N. Profile and characterization of the chlorogenic acids 
in green Robusta coffee beans by LC-MSn: identification of seven new classes of compounds. 
J Agric Food Chem 2010; 58: 8722-8737. 
5 Farah A, de Paulis T, Trugo LC, Martin PR. Effect of roasting on the formation of chlorogenic acid 
lactones in coffee. J Agric Food Chem 2005; 53: 1505-1513. 
6 Olthof MR, Hollman PC, Katan MB. Chlorogenic acid and caffeic acid are absorbed in humans. J Nutr 
2001; 131: 66-71. 
7 Nardini M, Cirillo E, Natella F, Scaccini C. Absorption of phenolic acids in humans after coffee 
consumption. J Agric Food Chem 2002; 50: 5735-5741. 
8 Farah A, Monteiro M, Donangelo CM, Lafay S. Chlorogenic acids from green coffee extract are highly 
bioavailable in humans. J Nutr 2008; 138: 2309-2315. 
9 Scalbert A, Johnson IT, Saltmarsh M. Polyphenols: antioxidants and beyond. Am J Clin Nutr 2005; 81: 
215S-217S. 
10 Aquilano K, Baldelli S, Rotilio G, Ciriolo MR. Role of nitric oxide synthases in Parkinson's disease: a 
review on the antioxidant and anti-inflammatory activity of polyphenols. Neurochem Res 
2008; 33: 2416-2426. 
11 de Paulis T, Schmidt DE, Bruchey AK, Kirby MT, McDonald MP, Commers P, Lovinger DM, Martin PR. 
Dicinnamoylquinides in roasted coffee inhibit the human adenosine transporter. Eur J 
Pharmacol 2002; 442: 215-223. 
12 Vita JA. Polyphenols and cardiovascular disease: effects on endothelial and platelet function. Am J 
Clin Nutr 2005; 81: 292S-297S. 
13 Arts IC, Hollman PC. Polyphenols and disease risk in epidemiologic studies. Am J Clin Nutr 2005; 81: 
317S-325S. 
14 Chu YF, Brown PH, Lyle BJ, Chen YM, Black RM, Williams CE, Lin YC, Hsu CW, Cheng IH. Roasted 
coffees high in lipophilic antioxidants and chlorogenic acid lactones are more 
neuroprotective than green coffees. J Agric Food Chem 2009; 57: 9801-9808. 
15 Li YL, But PPH, Ooi VEC. Antiviral activity and mode of action of caffeoylquinic acids from Schefflera 
heptaphylla (L.) Frodin. Antiviral Res 2005; 68: 1-9. 
16 Ojwang JO, Wang YH, Wyde PR, Fischer NH, Schuehly W, Appleman JR, Hinds S, Shimasaki CD. A 
novel inhibitor of respiratory syncytial virus isolated from ethnobotanicals. Antiviral Res 
2005; 68: 163-172. 
17 Fan L, Wang Y, Liang N, Huang X-J, Fan C-L, Wu Z-L, He Z-D, Li Y-L, Ye W-C. Quinic acid derivatives 
and coumarin glycoside from the roots and stems of Erycibe obtusifolia. Phytochemistry 
Letters 2015; 14: 185-189. 
18 Robinson WE Jr., Cordeiro M, Abdel-Malek S, Jia Q, Chow SA, Reinecke MG, Mitchell WM. 
Dicaffeoylquinic acid inhibitors of human immunodeficiency virus integrase: inhibition of the 
core catalytic domain of human immunodeficiency virus integrase. Mol Pharmacol 1996; 50: 
846-855. 
19 Kwon HC, Jung CM, Shin CG, Lee JK, Choi SU, Kim SY, Lee KR. A new caffeoyl quinic acid from Aster 
scaber and its inhibitory activity against human immunodeficiency virus-1 (HIV-1) integrase. 
Chem Pharm Bull (Tokyo) 2000; 48: 1796-1798. 
20 Wang GF, Shi LP, Ren YD, Liu QF, Liu HF, Zhang RJ, Li Z, Zhu FH, He PL, Tang W, Tao PZ, Li C, Zhao 
WM, Zuo JP. Anti-hepatitis B virus activity of chlorogenic acid, quinic acid and caffeic acid in 
vivo and in vitro. Antiviral Res 2009; 83: 186-190. 
21 Sinisi V, Forzato C, Cefarin N, Navarini L, Berti F. Interaction of chlorogenic acids and quinides from 
coffee with human serum albumin. Food Chem 2015; 168: 332-340. 
22 Sinisi V, Boronová K, Colomban S, Navarini L, Berti F, Forzato C. Synthesis of mono-, di-, and tri-3,4-
dimethoxycinnamoyl-1,5-γ-quinides. European J Org Chem 2014; 2014: 1321-1326. 
23 Naesens L, Lenaerts L, Andrei G, Snoeck R, Van Beers D, Holý A, Balzarini J, De Clercq E. 
Antiadenovirus activities of several classes of nucleoside and nucleotide analogues. 
Antimicrob Agents Chemother 2005; 49: 1010-1016. 
24 Stevaert A, Naesens L. The influenza virus polymerase complex: an update on its structure, 
functions, and significance for antiviral drug design. Med Res Rev 2016, DOI: 
10.1002/med.21401:  
25 Dias A, Bouvier D, Crépin T, McCarthy AA, Hart DJ, Baudin F, Cusack S, Ruigrok RW. The cap-
snatching endonuclease of influenza virus polymerase resides in the PA subunit. Nature 
2009; 458: 914-918. 
26 Yuan P, Bartlam M, Lou Z, Chen S, Zhou J, He X, Lv Z, Ge R, Li X, Deng T, Fodor E, Rao Z, Liu Y. Crystal 
structure of an avian influenza polymerase PA(N) reveals an endonuclease active site. Nature 
2009; 458: 909-913. 
27 Bouloy M, Plotch SJ, Krug RM. Globin mRNAs are primers for the transcription of influenza viral 
RNA in vitro. Proc Natl Acad Sci U S A 1978; 75: 4886-4890. 
28 Tomassini JE, Selnick H, Davies ME, Armstrong ME, Baldwin J, Bourgeois M, Hastings J, Hazuda D, 
Lewis J, McClements W, Ponticello G, Radzilowski E, Smith G, Tebben A, Wolfe A. Inhibition of 
cap (m7GpppXm)-dependent endonuclease of influenza virus by 4-substituted 2,4-
dioxobutanoic acid compounds. Antimicrob Agents Chemother 1994; 38: 2827-2837. 
29 Carcelli M, Rogolino D, Bacchi A, Rispoli G, Fisicaro E, Compari C, Sechi M, Stevaert A, Naesens L. 
Metal-chelating 2-hydroxyphenyl amide pharmacophore for inhibition of influenza virus 
endonuclease. Mol Pharm 2014; 11: 304-316. 
30 Chen E, Swift RV, Alderson N, Feher VA, Feng GS, Amaro RE. Computation-guided discovery of 
influenza endonuclease inhibitors. ACS Med Chem Lett 2014; 5: 61-64. 
31 Rogolino D, Bacchi A, De Luca L, Rispoli G, Sechi M, Stevaert A, Naesens L, Carcelli M. Investigation 
of the salicylaldehyde thiosemicarbazone scaffold for inhibition of influenza virus PA 
endonuclease. J Biol Inorg Chem 2015; 20: 1109-1121. 
32 Stevaert A, Nurra S, Pala N, Carcelli M, Rogolino D, Shepard C, Domaoal RA, Kim B, Alfonso-Prieto 
M, Marras SA, Sechi M, Naesens L. An integrated biological approach to guide the 
development of metal-chelating inhibitors of influenza virus PA endonuclease. Mol 
Pharmacol 2015; 87: 323-337. 
33 Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE. Respiratory syncytial virus infection in 
elderly and high-risk adults. N Engl J Med 2005; 352: 1749-1759. 
34 Borchers AT, Chang C, Gershwin ME, Gershwin LJ. Respiratory syncytial virus--a comprehensive 
review. Clin Rev Allergy Immunol 2013; 45: 331-379. 
35 Rivera CA, Gómez RS, Díaz RA, Céspedes PF, Espinoza JA, González PA, Riedel CA, Bueno SM, 
Kalergis AM. Novel therapies and vaccines against the human respiratory syncytial virus. 
Expert Opin Investig Drugs 2015; 24: 1613-1630. 
36 Villenave R, Shields MD, Power UF. Respiratory syncytial virus interaction with human airway 
epithelium. Trends Microbiol 2013; 21: 238-244. 
37 Hallak LK, Spillmann D, Collins PL, Peeples ME. Glycosaminoglycan sulfation requirements for 
respiratory syncytial virus infection. J Virol 2000; 74: 10508-10513. 
38 Wang G, Deval J, Hong J, Dyatkina N, Prhavc M, Taylor J, Fung A, Jin Z, Stevens SK, Serebryany V, Liu 
J, Zhang Q, Tam Y, Chanda SM, Smith DB, Symons JA, Blatt LM, Beigelman L. Discovery of 4'-
chloromethyl-2'-deoxy-3',5'-di-O-isobutyryl-2'-fluorocytidine (ALS-8176), a first-in-class RSV 
polymerase inhibitor for treatment of human respiratory syncytial virus infection. J Med 
Chem 2015; 58: 1862-1878. 
39 Kernan MR, Amarquaye A, Chen JL, Chan J, Sesin DF, Parkinson N, Ye Z, Barrett M, Bales C, Stoddart 
CA, Sloan B, Blanc P, Limbach C, Mrisho S, Rozhon EJ. Antiviral phenylpropanoid glycosides 
from the medicinal plant Markhamia lutea. J Nat Prod 1998; 61: 564-570. 
40 Meneghesso S, Vanderlinden E, Stevaert A, McGuigan C, Balzarini J, Naesens L. Synthesis and 
biological evaluation of pyrimidine nucleoside monophosphate prodrugs targeted against 
influenza virus. Antiviral Res 2012; 94: 35-43. 
41 Stevaert A, Dallocchio R, Dessì A, Pala N, Rogolino D, Sechi M, Naesens L. Mutational analysis of the 
binding pockets of the diketo acid inhibitor L-742,001 in the influenza virus PA endonuclease. 
J Virol 2013; 87: 10524-10538. 
42 Kim M, Kim SY, Lee HW, Shin JS, Kim P, Jung YS, Jeong HS, Hyun JK, Lee CK. Inhibition of influenza 
virus internalization by (-)-epigallocatechin-3-gallate. Antiviral Res 2013; 100: 460-472. 
43 Vanderlinden E, Goktas F, Cesur Z, Froeyen M, Reed ML, Russell CJ, Cesur N, Naesens L. Novel 
inhibitors of influenza virus fusion: structure-activity relationship and interaction with the 
viral hemagglutinin. J Virol 2010; 84: 4277-4288. 
44 IUPAC. IUPAC Commission on the Nomenclature of Organic Chemistry (CNOC) and IUPAC-IUB 
Commission on Biochemical Nomenclature (CBN). Nomenclature of cyclitols. 
Recommendations, 1973. Biochem J 1976; 153: 23-31. 
 
  
Figure legends: 
Figure 1. Molecular structure of D-(–)-quinic acid 1, caffeic acid 2, ferulic acid 3, 3,4-
dimethoxycinnamic acid 4, 5-O-caffeoylquinic acid 5, 3,4-O-dicaffeoyl-1,5-γ-quinide 6, 3-O-
[3,4-(dimethoxy)cinnamoyl]-1,5-γ-quinide 7, 3,4-O-bis[3,4-(dimethoxy)cinnamoyl]-1,5-γ-
quinide 8, and 1,3,4-O-tris[3,4-(dimethoxy)cinnamoyl]-1,5-γ-quinide 9, 3,5-O-
dicaffeoylquinic acid 10, 4,5-O-dicaffeoylquinic acid 11, and luteoside A 12. The IUPAC 
numbering system for chlorogenic acid is adopted [44] and, to avoid confusion, the same 
numbering system is used for the carbon atoms of the lactones and the acid precursors. 
 
Figure 2. Dose-response curves for compounds 2 and 6. Left panels: enzymatic activity with 
PA-Nter; right-panels: cell-based vRNP reconstitution assay. The graphs were made by non-
linear regression analysis on data from 2-3 independent experiments using GraphPad Prism. 
The data points shown are the mean ± SD. 
 
Figure 3. Antiviral activity of compound 6 against RSV in HeLa cells. (A) Compound 6 was 
tested in HeLa cells simultaneously against RSV A and B in an antiviral assay as described in 
the materials and methods. The mean EC50 values (with 95% confidence intervals) from 6 
independent experiments are given. (B) Flow cytometric histogram of rgRSV infected cells. 
The GFP expression of virus control cells (white histogram) and infected cells treated with 4 
µM compound 6 (gray histogram) is depicted. The dotted line histogram represents the 
background fluorescence of non-infected control cells. (C) Dose-dependent inhibition of 
rgRSV infection by compound 6 as determined by GFP expression with flow cytometry. For 
each dose of the compound, the mean fluorescence intensity (MFI) of the cells was quantified 
and is expressed as percentage of the MFI of the virus control cells (without compound). (D) 
Time-of-addition experiment of compound 6 (5 µM), dextran sulfate (DS; 1 µg/mL) and 
ribavirin (50 µM) in HeLa cells infected with rgRSV. Compounds were administered either 
1.5 h before virus exposure, 1.5 h or 5 h after virus wash out, and were kept in the culture 
medium during the whole experiment as described in detail in the materials and methods. The 
cells were exposed to the virus for 2 h (indicated with a grey box on the x-axis). After 48 h, 
cells were collected and the number of infected (GFP positive) cells was quantified by flow 
cytometry. The figure displays the percentage of RSV inhibition for the three starting points 
of compound treatment. One representative experiment out of 2 is shown. 
  
Tables:  
 
Table 1. Antiviral activity and cytotoxicity of compounds in HEL cell cultures. 
Compound Exp. MCC
a
 
 
EC50
b
 
 Herpes 
simplex 
virus-1 
(KOS) 
Herpes 
simplex 
virus-2 
(G) 
Vaccinia 
virus 
Vesicular 
stomatitis 
virus 
Herpes 
simplex 
virus-1 
TK
-
 
KOS 
ACV
r
 
Adeno-
virus-2 
2 1
c
 >100 45 45 >100 >100 100 45 
 2 >100 >100 >100 >100 >100 >100 100 
3 1 >100 >100 >100 >100 >100 >100 >100 
4 1 >100 >100 >100 >100 >100 >100 58 
 2 >100 >100 >100 >100 >100 >100 100 
5 1 >100 >100 >100 >100 >100 >100 50 
 2 >100 >100 >100 >100 >100 >100 58 
6 1 ≥100 45 45 >100 >100 45 10 
 2 >100 >20 >20 >20 >20 >20 20 
7 1 >100 >100 >100 >100 >100 >100 >100 
8 1 >100 >100 >100 >100 >100 >100 >100 
9 1 >100 >100 >100 >100 >100 >100 >100 
Brivudin 1 >250 0.02 146 17 >250 250 ND 
 2 >250 0.04 250 17 >250 50 ND 
Cidofovir 1 >250 4.5 3.8 29 >250 5.8 10 
 2 >250 4.5 5.9 50 >250 5.8 4.0 
Acyclovir 1 >250 0.2 0.2 >250 >250 10 ND 
 2 >250 0.3 0.2 >250 >250 10 ND 
Ganciclovir 1 >100 0.03 0.06 >100 >100 0.4 ND 
 2 >100 0.07 0.2 >100 >100 0.8 ND 
Zalcitabine 1 >250 ND ND ND ND ND 25 
 2 >250 ND ND ND ND ND 10 
Alovudine 1 >250 ND ND ND ND ND 10 
 2 >250 ND ND ND ND ND 10 
a
MCC: minimum cytotoxic concentration (MCC) as determined by microscopic analysis of cell morphology, in 
µM. 
b
EC50: 50% effective concentration, i.e. compound concentration required to reduce virus-induced 
cytopathogenicity by 50%, in µM. 
c
When activity was recorded against at least one virus in the first experiment, the compound was retested against 
the whole panel of viruses in a second experiment. 
ND, not determined.  
 
 
  
Table 2. Anti-influenza activity of the test compounds in the enzymatic assay with influenza 
PA-Nter endonuclease, or in cellular influenza virus assays. 
Compound 
 
Enzyme 
assay with 
PA-Nter
a
 
 
vRNP reconstitution assay  
in 
HEK293T cells
b
 
 
Virus yield assay in 
influenza virus-infected 
MDCK cells
c
 
    
Cytotoxicity 
Antiviral  
activity  
Cytotoxicity Antiviral activity 
  
IC50 (95% CI)  
CC50 EC50 (95% CI)  
CC50 EC99 EC90 
2 
 
16 (12-22) 
 
>200 32 (20-51) 
 
>200 >200 >200 
3 
 
>500 
 
>200 >200 
 
ND ND ND 
4 
 
>500 
 
>200 >200 
 
ND ND ND 
5 
 
18 (15-22) 
 
>200 >200 
 
ND ND ND 
6  34 (28-40)  >200 19 (12-30)  >200 ≥100 77 
7  >500  >200 >200  ND ND ND 
8  >500  >200 135 (100-182)  113 >100 >100 
9  >500  >200 >200  ND ND ND 
DPBA
d
 
 
24 (17-34) 
 
ND ND 
 
ND ND ND 
Ribavirin 
 
ND 
 
>200 7.1 (5.0-10) 
 
>200 8.6 5.7 
a
Recombinant PA-Nter was incubated with the ssDNA plasmid substrate, a Mn
2+
-containing buffer and test 
compounds. Cleavage of the substrate was assessed after 2 hr incubation. The IC50 represents the compound 
concentration (in µM) to obtain 50% inhibition of cleavage. 
b
HEK293T (human embryonic kidney 293T) cells were co-transfected with the four vRNP-reconstituting 
plasmids and the luciferase reporter plasmid in the presence of the test compounds. The EC50 value represents 
the compound concentration (in µM) producing 50% reduction in vRNP-driven firefly reporter signal, estimated 
at 24 h after transfection. The CC50 (in µM), i.e. the 50% cytotoxic concentration, was determined in 
untransfected HEK293T cells by MTS cell viability assay. 
c
MDCK (Madin-Darby canine kidney) cells were infected with influenza A virus (strain A/PR/8/34) and 
incubated with the compounds during 24 h. The virus yield in the supernatant was assessed by real-time qPCR. 
The EC99 and EC90 values represent the compound concentrations (in µM) producing a 2-log10 or 1-log10 
reduction in virus titer, respectively. The cytotoxicity, assessed in uninfected MDCK cells, was expressed as the 
CC50 value (50% cytotoxic concentration, determined with the MTS cell viability assay, in µM). 
d
DPBA, 2,4-dioxo-4-phenylbutanoic acid. [28] 
ND, not determined. 
 
 
 
 
 
 
  
Table 3. Cytotoxicity and antiviral activity of compounds  
against RSV in HeLa cells. 
Compound Exp. 
MCC
a
 
RSV type A 
strain Long 
EC50
b
 
2 1
c
 >100 >100 
2 >100 >100 
3 1 >100 >100 
2 >100 >100 
4 1 >100 >100 
 2 >100 >100 
5 1 >100 19 
2 >100 29 
6 1 >100 0.21 
2 >100 0.16 
7 
 
1 >100 >100 
2 >100 >100 
8 1 >100 >100 
2 >100 >100 
9 1 50 >50 
2 50 >50 
DS-10000 1 >100 0.11 
 2 >100 0.09 
Ribavirin 1 250 4.5 
 2 250 5.6 
a
MCC: minimum cytotoxic concentration (MCC) as determined by microscopic analysis of cell morphology, in 
µM. 
b
EC50: 50% effective concentration, i.e. compound concentration required to reduce virus-induced 
cytopathogenicity by 50%, in µM. 
c
The compounds were tested in two independent experiments. 
All concentrations are in µM, except for DS-10000 for which the concentration is given in µg/mL. 
 
